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SwissFEL RF System Overview
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L—: SwissFEL Overview

Linear accelerators
C-Band technology

2™ phase Athos 0.7-5 nm

Photocathode
RF gun BC1
Tt 100

0.35 GeV

Main parameters
Wavelength from
Photon energy
Pulse duration (rms)
e” Energy (0.1 nm)

e-Bunch charge

Linac 1l
9 C-band modules

BC2

0.1-5nm
0.2 - 12 keV
1-20fs

5.8 GeV

10 - 200 pC

L J

" 2 || user
2.6-3.4 GeV stations
Alvra
Linac 3 :
13 C-band modules (}(TDS [ - Bernlna

septum . .
3.0 GeV 3.0-5.8 GeV Aramis 0.1-0.7 nm (Cristallina)
ARAMIS

Hard X-ray FEL, A=0.1 - 0.7 nm (12 - 2 keV),
First users 2018.

ATHOS
Beam Energy 2.7 - 3.3 GeV,
Soft X-ray FEL, 2=0.65 - 5.0 nm (2 - 0.2 keV),
2nd construction phase 2017 — 2021.
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)~ SWIsSFEL RF System Overview

6x S-band 1x X-band 26X C-band RF stations
(2998.8 MHz) (11.9952 GHz) (5712 MHZ) (phase 1 without Athos beam line)

1x RF Gun “
T/
4x travelling wave structures . Athos
1x deflector cavity6 é’fggi('j—'&i‘; Undulators
% Switch Yard L 'ﬁh
» BC 1 Linac1 BC 2 Linac2 Linac3
GunBoosterlS Booster2 C-band (36x) C-band (16x) C-band (52x)
S o HIHH besSHI HESTHHEAA HHEESHHHHE L N
-band S-pand X-band Deflector l"| CollimatorAramis “ﬂ
S-band Deflector Undulators
C-band
Highlight of RF system features: RF stability requirements (RMS):
» Technology: Normal conducting » S-band amplitude: <1.8e-4
* RF repetition rate: up to 100 Hz » C-band amplitude: < 1.8e-4
* RF pulse width: 0.1 ~3.0 us « X-band amplitude: < 1.8e-4
* Num. of bunch/pulse: 1~ 2 * S-band phase: < 0.018 degS
_ . _ » C-band phase: < 0.036 degC
Aramis beam stability requirements (RMS): +  X-band phase: < 0.072 degX
« Peak current (bunch length): <5%
» Beam arrival time: <20 fs

e Beam energy: < 5e-4



()~ SwissFEL RF System in Tunnel
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Q RF Gun (PSI development):
= 2.6-cell standing wave cavity (S-band)
= 7.1 MeV nominal energy

O Standard operating procedure for routine gun-
laser check — fundamental for stability and
reproducibility of the facility!

Relaiive Timing beiween Waveforms [(Pari2)

1 CAV IN FOR
i CAV IN REF
08
GUN RPOBE 1
4~ 15 MW
| - GUN PROBE 2
206
E -
-
ED.# —
0.2 o
g
[T T T T T 1 1 r I T 1 r T T 1 T 1 ]
0 2 4 B B 10

Time J/us

‘.“’V \



PAUL SCHERRER INSTITUT

C-band RF Station

Status

S

C-band Klystron:
5.712 GHz, 50 MW,
3 us, 100 Hz

0O 26 RF stations available on beam:
= Linacl: all of the 9 stations;
= Linac2: all of the 4 stations;
= Linac3: all of the 13 stations.

O All modules run at 100 Hz.

O Nominal beam energy of 5.8 GeV achieved

Station MV deg Station MV  deg
SINEGOL BBl Rronbeam [ 7.1] c0.0 S20CBOL [ RF onbeam | 2450 90.0
es SINSBO1 | RFonbeam | 70.5| 90.0 520CBO2 I RF on beam | 250.0| s0.0
ures, SINSB02 | RFonbeam | 62.4| 90.0 520CB03 [N RFonbeam | 240.0[ 90.0
C_band S’[Y\lCt . \ SINSBO3 [N RFonbeam | sa.0[ 70.3 S20CBO4 [N RFonbeam | 245.0] 0.0
BOC: FOUY 2_m ‘Ong t on (nomlna ) siNSBO4 [IIRRI RFonbeam | s8.0| 702 g30cRo1 [ RFon beam 2303| 0.3
1n per Sta 1 SinXBo1 [N RFonbeam | 20.5| 270.2 S30CBO2 I R on beam | 247.9| 99.7
Pu|se nergy ga GINDIOL MMM RFondelay | 4.5 1s1.5 S30CBO3 | RFonbeam | 246.8| 80.3
40 Me\] C | RFonbeam | 2429 99.7
c 2 K S10CEOL [ R on beam | 229.9 | RFonbeam | 247.1 80.3
ompressor ’ | 225.1 : :
5 2 | RFonbeam | 245.0| 99.7
¢ e 2504| 438 c3cgo7 [N RFon beam | 240.2| 80.3
! ., 230.0| 930 g3ncpog [EIIII RFon beam | 2418| 99.7
B T 245.11 438 g39cgoo [l RFonbeam | 242.9 803
e : 510CB06 [N RF on beam | 250.1] s2.9 s30CB1OJMIIEN RFonbeam | 2305 99.7
s10CBO7 [N RFonbeam | 205.7 | 437 c3p-p7q [ RFonbeam | 248.8| 80.3
510CB08 [N RF on beam | 20.1] s2.9 530CB12 [MRIIEN RFonbeam | 240.3| 99.7
510CB09 [RRIEERN RF onbeam | 243.0| 43.9
» . s30CBL3MMMEE RFonbeam | 245.3[ 20.1

P

o83 ACC100 WG FOR 17
07 ACC200 WG FOR ]

4 ~ —

wa~ 70 M ACC300 WG FOR || 287
05_5 ACC400 WG FOR i
2 L 0p |
2 3 E d
8043 =0
< 33 04 7
02 ]

. 0.2 —

01 3 ]

0 3 v} J

elative Timing beiween Waveforms (Pari2)

Time /us

Relative Timing between Waveforms (Parid)

ACC100 LOAD
ACC200 LOAD
ACC300 LOAD
ACCA400 LOAD

Time /us



=)~ Solid-state Modulators

O Two types of solid-state modulators are used in SwissFEL Linac.
O 50 MW/ 3us RF, 370kV / 344A.

Scandl
AMPEGTN

- e X - p—

13 modulators (Linacl, Linac2) 13 modulators (Linac3)

Measured klystron HV pulse to pulse stability at 100 Hz < 15
ppm.

10
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LLRF System

l - | —
[ Vestor 1
| modulator | re- Pulse
RE | , amplifier Klystron compressor
reference | | Waveguide
| I ‘ : ‘ : ] :
! o
| F y Y : Klystron Klystron | & Svucture | i
Ly Q : out reflected 2
| | o|g
I ! | Pre-amp out = -E %Cc' Acc.
| 1| v out g|in1 in 4
| | o Acc. Acc.
| || RF reference 8 out1 out 4
: : YYYYY Y
[ [ Local oscillator —>| RF signal detector
| ! Clock —»| ¢
| I
gl |g: = ;
NI Vector sum calibration_, Vector sum calculation
RF | ! coefficients
actuator :__I ___la . '
:mpmude and Pulse-to-pulse feedback controller
DAC offset phase setpoints
- «—DAC offset JV
correction Feed forward
eearorwa RF pulse generation
[y r Y signals

LLRF system provides:

d

d

Precise and accurate phase and

amplitude measurements.
Pulse-to-pulse feedback for

suppression of RF field drifts.
Facilitation for RF system setup and

operation.

Rack Fans

VM + LO/Clock Generator

11
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RF System Stability

12
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O Amplitude and phase are calculated

for each RF pulse by averaging in
the filling time of accelerating
structures.

The measurement bandwidth is
limited by the effective bandwidth
of the structures in the table on
right side.

The pulse-to-pulse feedback loops
can compensate for fluctuations
slower than 1 Hz (drifts).

With feedbacks on, the
amplitude and phase
RMS jitter contains

noise power from 1 Hz

to the bandwidth of the

cavity/structure.
l

RF Amplitude and Phase Measurements

Cavity / Structure | Frequency Effective
(MHz) | Bandwidth (kHz)

RF Gun Cavity 2998.8 330.8

S-band Structure |2998.8 475.8

C-band Structure | 5712 1346.5

X-band Structure |11995.2 4219.0

Feedback Waveforms / Statistics

S10CB03-RBOC-DCP10:FOR

tistics | Drift Tack | Waveform Interlock | Reference Tracking CA-Protocol |

! i Avq. Start Time:[4 23 Avg. Stop Time: |4 48

oo

AMPLITUDE
intra-pulse average: 0.491367 FS
intra-pulse stddev relative: § .3853e-02
pulse-to-pulse average: 0.491363 FS
pulse-to-pulse rel. jitter: 7.5623e-05
POWER
gated average 106.19 MW
PHASE
intra-pulse average: 2.9369 deg
intra-pulse stddev: 0.22826 deg
pulse-to-pulse average: 2.92780 deg
pulse-to-pulse jitter: 0.01193 deg

count: 100

Average window:

I e o e e
28 a5 4 45 5 55 6
RFFE settings = Rotation mats

FIR filter control 3-tap FIR ‘v [_ IF Preamp [| IF Gain |-5dB ‘v ( amplt. scale |1.00000|}Bl

phase offset [0.0000000 Ref.track [GN |~ l

13
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LLRF/RF Detector added Noise

?(_ — Long-haul Cablle Cavity or
— Structure
clk lo SwissFEL S-band RF detector
ref : added phase n0|se
LO & Clock Generator [¢——— Reference Signal = -100 ' =
---------- LO and mixer added
. . — — — —Clock added - scaled
Added noise by RF measurement chain: N N e ADC added
f 8 -120 ¢ Overall mea. chain added 1
_ N | ke
A¢mea - A(DLO,added f A(DCLK,added °
CLK N @
2 140t
+A G added T A Priver added T APanc added @ i i i
S R ik AR - T |
_ £ i )
Ao a AOlcable,added + Aamixer,added +AaADC,added g 160 - ' L %‘ . ift-
- | n ol F
4 %)
-120 : , : 510 % ’!“‘ m&ﬂ'rﬂ""’ l“dhw-- - -—%—’ —1
S _ : i ! ! 1 !
_'5 :’E‘ -140 B ." '180 1 1 Il 1 I 1
Q S eol 08 5 10° 10" 102 10> 10* 105 10° 107
[<B} =
T o % Overall meas. chain added | ! 3 0.015 : T : . T .
& g 2 180 | Amplitude jitter integrated from 1 Hz | i/ 106 S S Phase jitter integrated from 1 Hz ‘
- & = -200 r —RF structure bandwidth | I = 8 — — — RF structure bandwidth |
c o 2 L E = oo0tf | -
Sg 2 200t Lo ‘0-42 Q \
(./I) E CE)' 2 636—5\:-/,I (_.% 35 \
d g- ;} -240 ’ -"/I Lo © % 0.005 - 0.0036 degree\\ 4
L © o 20 i s o |
w0 O e [ o
1(2 Q) ..... ’ 1 1 L 1 1 ‘ 1
= g 280 e ' > 0 0 0 1 2 3 4 6
h 10 10" 102 103 104 10°  10® 107 10 10 10 10 10 10° 10 107

Offset Frequency [Hz]

Offset Frequency [Hz]

RF detector added noise can be neglected when studying the RF system jitter.

14



0.1
= 0.08
= 0.06
¥ 0.04

<1 0.02
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L’__ RF Phase Jitter

Station Pulse-to-pulse Amplitude and Phase Jitter

LI

- 77T 2" "Phase feedback: all ON

T

T

1.5

AA/ARMS

T T T T T T T T

%1073 RF Amplitude Jitter
T T T T T T T T T T T T T IArTI]pIIituldel feledblaclkf T T T T

* S-band & X-band: ON
« C-band: OFF (saturation)

~— (N
mm
0o
mm
—

—_ T — —

~— (N
—
mm
(OX®)
«@ ™
J |

-
Klystron output power

—_ T - —

RF Station Phase Voltage
Tolerance Tolerance
(rms) (rms)
S-band (2.9988 GHz) 0.018 deg$S 0.018 %
C-band (5.7120 GHz) 0.036 degC 0.018 %
X-band (11.9952 GHz) 0.072 degX 0.018 %

O RMS jitter is calculated with the 10-
min amplitude/phase data with beam
in presence (RF rate 100 Hz,
statistics with beam rate 25 Hz).

O Gun measurement problem:

O  Contains high-frequency noise (not
averaged in pulse) and other
passband mode (w/2-mode): beam
feels less jitter.

O Problematic cavity probes.

O Linacl C-band #6 pre-amplifier
failed and resulted in large amplitude
drift in open loop operation.

O Large phase jitter in several C-band

stations — BOC multipacting.

Data collected from SwissFEL at

July 13, 2019 13:44-13:54 15
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Bs Example: RF Gun Amplitude and Phase Jitter

Data collected 2019.07.13 13:44 to 13:54

5 40
0.8 T ; T ; T T T T T Gun vsum amplitude Gun vsum phase g
Probe 10 7.12 B, 60
— — —Forward @
%DE" _____ Reflected g 71m = S -80
S04 1 S70s goo 2
£ 5 4 | s £ 100
oz 1 &0 L=t - & go. §
%DD 600 700 800 Bausan‘lEEN;1I;E. 1;00 1300 1400 1500 7 04O 05 ” g 2 89 30 - : s 5 2 : # Oﬁse(lsfrequen:y Hz) b 12 14
Pulse with beam <104 Pulse with beam «10%
150 ——— . . . . . . - Gun vsum amplitude (zoom) ot Gun vsum phase (zoom) Y .
100 i .\‘\ J g 70 K
_ == S 7.09 89.6 ' | g
§ e ettt -y 3 7.08 M’ ﬂ llh NM’, & k ML 35%895 'J ’ ) "- H 1 M l S 90
i samn B S 1 M\ E MR 2
ol 777:?:;;0 e e e g -~ T goall LV RIS I” g-mo
77777 Reflected g 110
! E’EE’vDD BI;D TI;D BI;D QI;D 'IDIDD ‘\'IIDD ‘IZIDD ‘\3‘DD ‘I4IDD 1500 7 060 50 100 150 200 89 30 50 100 150 200 ? 120 L L L L L L
Sample No. . Pulse with beam Pulse with beam 0 2 ¢ Offse?frequen(:/ (Hz) 10 2 1
Gun probe, forward and Amplitude and phase pulse-to-pulse _
reflected waveforms. data of Gun cavity field (vector sum Spectrum of amplitude and phase
[ of probe signals). pulse-to-pulse data.
|
1 l ry h

l Possible sources of resonant peaks:

Pb1 gPb3 O Cavity probe is sensitive to the mechanical vibration
major caused by cooling water flows.
O Pass-band mode signal aliased back to the Nyquist
| band of beam repetition rate (25 Hz).
« Ph2

16
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L1Cbam:LEhase

0.4 L1 CBO7:0.091 deg RMS
L1 CBO3:0.073 deg RMS
0.3 L1 CBO4: 0.067 deg RMS

L1 CBOS: 0.015 deg RMS

Fhase [deq]

L1 C band Phase (zoom)

0.4

L1 CBO7: 0.091 deg RMS
L1 CB03: 0.073 deg RMS
0.3 L1 CBO4: 0.067 deg RMS
L1 CBO9: 0.015 deg RMS

ED.Z I ‘
ul||| yehytl
_ Nﬂrll' U o A
- 0 10 20 .l_”_':: [S] 40 50 60

Amplitude [MV]

Amplitude [MV]

-0.05 ‘h".{

0.051

Example: C-band Amplitude and Phase Jitter

L1 C-band Amplitude

0.1

0.05§ 1y mﬂ ll : b

|W" " "mw

L1 CBO7: 1.3e-04 RMS
0.1 L1 CBO3: 1.0e-04 RMS
L1 CBO4: 8.3e-05 RMS
0.15 L1 CBO9: 4 3e-05 RMS
0 100 200 300 400 500 600

Time [s]

Beam

0.1 L1 C-band Amplitude I:ZDDI'H:I Synchronous
' RF data at
0.05 25 Hz!

0 J." |H ,. A .'1]."‘ 1 " ! Illl \ AN j" 1 a1 d‘I" ) ‘T]T

i MR o i
i | "| | l [ | ”

L1 CBOT: 1.3e-04 RMS
01T L1 CBO3: 1.0e-04 RMS
L1 CBO4: 8.3e-05 RMS
015 4 L1 CBO9: 4.3e-05 RMS : :
0 10 20 30 40 50 G0

Time [s]

O Linacl C-band #9 was well controlled — as a reference.
O Linacl C-band #3, #4 and #7 had wideband phase jumps. Introduced by BOC:s.

Data collected from SwissFEL at July 13, 2019 13:44-13:54

17




wanawsr - PFOCEAUNe for Measurement of RF Driving

(15

RF Power

%mphher Klystron Transmission

REF

Vector

Modulator

STt

Component added Phase Jitter

The phase of the input and output

of a component are compared for
each RF pulse to estimate the

RF RF RE Cavity added phase jitter.
Dgtector Dcfccfor D%ecﬂtor \I,
L ”f— ‘Ij o Here shows an example to
| R ! S A Detector measure the added phase jitter by
Ap,or A A@u or Ady,, A@, or Ad, APy or Ad, CTI4 L.
the S-band pre-amplifier:

v

~ . A(zbcavor A’-;?mv mplifier output meas.: e
A(p\/l\/l - A%M + Awmeal,added 01 Cecpt)ls: mod.tr;utput measogo(f(ig c?el;mFA(f/IS
~ Amplifier added meas.: 0.0046 deg RMS
A(Damp = A(Damp + A(Dmeaz,added > 0.05F w‘m i
A(Damp,added = A¢amp o A%M 5 o 1" m:»;ww v:‘m‘ .
o Amplifier added : "
-0.05 p ’ 7
- - 2 2 _
A¢amp o A%M = Awamp,added + (A¢mea2,added o A¢meal,added ) -0.1 \/0'0(')46 0.0023" =0,004 deg RMS
0 10 20 30 40 50 60
Time [s]
2 —_ 2 N N er. Ci meas.: e
RMS {A(”amp.added }=RMS {A(Damp —A@u }- 0.02 Ret oh2 mene. 0,002 3e3 RMis
Difference of two ref. meas.: 0.0023 deg RMS
RMS2{A —-A = 001
{ (Dmeaz,added ¢mea1,added} g m’ UM” \.\jl | pl M (I H lmx MWUH W I M‘ ‘W‘M MN h\ j \W“
O ©
o 12} f \ ‘
In this talk, the RF (OO : ‘ M ’W N \(WLWW W'W u W L ‘m I AW\ ki ﬂr H\ f'M
detector added 1
noise is very small -0.02 : . . 1 .
- 0 10 20 30 40 50 60

and 1is neglected.
Time [s] 18
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Did not remove RF detector measurement added noise in these figures
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Data collected from SwissFEL at Jan. 11, 2019 12:03-12:17



b—: Example: RF Driving Components added Phase Jitter

RF Components added Phase Jitter - Linacl #07 - O

RF actuator added Amplifier added

'0‘4d 260 460 GD.D 360 1000 0‘050 260 460 so'o 360 1000
Time [s] Time [s]
1 Klystrqn (& BOC)ladded ' . Waveguidle & structlfre added '
0 200 4ooTime [S]eoo 800 1000 0 200 4ooTime [S]soo 800 1000
Klystron and BOC added Phase Jitter (first 5 seconds) - Linacl #07
1 . Klystron addled . . IBOC addeq .
02+ - 1
2 AN L
& 05t £ o1} 1
02 J
1 1 2 3 4 5 3 1 2 3 4 5
Time [s] Time [s]

Data collected from SwissFEL at Jan. 11, 2019 12:03-12:17 20



Phase Noise [dBc/Hz]

Phase Noise [dBc/Hz]

Data collected from SwissFEL at Jan. 11, 2019 12:03-12:17
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RF Components added Phase Noise - Linacl #07

-20

40

60

-80

-100

-120

-20

A0 P

AV i

60 |

-80 1

-100 1

-120

RF actuator added

1072 10°
Frequency [Hz]

Klystron (& BOC) added

A

=
I

Iy

'l

/) f‘.
|i|. M

102 10
Frequency [Hz]

10°

Phase Noise [dBc/Hz]

Phase Noise [dBc/Hz]

-20

40

60|

-80

-100

-120

-20

40 |

60

-80 1

-100 1

-120

Amplifier added

Frequency [Hz]

Waveguide & structure added

107 10° 107
Frequency [Hz]

Example: RF Driving Components added Phase Jitter

= Disturbance clearly
visible at beam rate
(25 Hz when
collecting data) and
its harmonics.

= Components
downstream from
amplifier contribute
to low-frequency
fluctuations.

= BOC contributes to
high frequency noise
due to the random
jumps.

= Noise slower than 1
Hz will be
suppressed by
LLRF phase
feedback!

21
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RF Jitter Mitigation

22
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Improvement of R

0.8 T
- - Probe 10
Use virtual probe to replace the probe signal. e Z o feme |
RWVG100-DCP10:FOR g 0.4
forw. . E
: _ Virtual <oz
) Calibration [——>
fef.". PrObe l:;DD EE‘IIJ 700 800 900 1000 1100 1200 -‘WBDD 1400 15
RWVG100-DCP10:REF Sample No.
RGUN-PUP10:51G 150 :
Pbl Pb3 RGUN-PUP30:SIG o ! \'\.‘
T8

50

!

Phase [deg]

— Probe 10
— — — Forward
—-—-— Reflected

-50
beam

i =
I i
0

100 L L L L L L L L L
500 600 700 8O0 900 1000 1100 1200 1300 1400 1500

Sample No.

F Gun Field Measurement

0.8 T

Probe 10
— — —Virtual probe

Amplitude [arb]
o =)
- =]

~

e
1S

7 D

500 600 700 800 900 1000 1100 1200 1300 1400 1500
Sample No.

00

200

| Probe 10
i — — —Virtual probe

i

=]
=)

Phase [deg]
o
|

|

200 L L L L L L L L L
500 600 700 800 900 1000 1100 1200 1300 1400 1500

=
=

T Pb2 RGUN-PUP20:5IG

Probe: 0.00085 RMS
Wirtual probe: 0.00013 RMS

Construction of virtual probe:
Vector sum of measured forward

and reflected signals:
v for — av for,mea + bV

Amplitude [MW]

ref ,mea

Sample No.
-40
Probe
RO virtual probe
-80

=
[}

ol
[}

-140

SSB amplitude noise [dBc/Hz ]

705" L ! L ] _1BD s 1 N |
0 1 2 3 4 5} g 0 10 20 a0 40 ad
Vref =Cv for,mea + dvref ,mea Pulse Mo. {100 Hz) «104 Miffeat frannancy TH1
Due to beam-based FB.
Viprone = Vior + Vret =MVifor mea + MV et mea 0 \Pnrﬁf?; purgggdﬂega?gseg s | 0 ' ' Probe
(m=a+c, n=b+d) 896 »I; -60 rtual probe
]
. . § 9.4 § -80
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BOC Multipacting

Study of BOC Multipacting (Example: Linacl #3)

i Figure 1 (on sf-lc6a-64-03)

OO+~ B@v

m Figure 2 (on sf-lc6a-64-03)

00|+~ |B@Ev

510CB0O3-RKLY-DCP10:FOR-FOWER-AVG-GATED
mean: 32.696 std: 7.258541 std_rel: 0.221999

43 MW

: Vs a1
o o0 P of P
= 5% o 52° o7
1° 13 2% 12° 7%
9'0'3' o v oY - v 9‘({3'
e e 20% e 20%
zoom rect

510CB03-RBOC-DCP10:FOR-PHASE-|IT-P2P
0.14

o1z N4
oxo - g

0.08

0.06 M

ooal ]

0.02 e

mean: 0.696 std: 6.046119 std_rel: B.686229

0.00

Mitigation Methods:

zoom rect

O Operate the C-band klystrons at a power level larger than 40 MW.
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Multipacting in C-band Klystron (Example: Linacl #8)

Klystron Gain Curve with diff. HVPS Pulse-to-pulse phase jitter

50

o
o
=

0.03
0.02 &,

© 0.01

o

100 200 300 400
Klystron drive power [W]
«10™*Pulse-to-pulse amplitude jitter

o

o
o
Phase jitter RMS [deg]

25

Klystron output power [MW]

6
20 %) 03
Z
15 [ — %
g4k
10} o [k
4 el %
] 22
E = ~
2 /e-5
/: < aNZN=
0 1 L 1 O L L L
0 100 200 300 400 0 100 200 300 400

Klystron drive power [W] Klystron drive power [W]

Mitigation Methods:

O Operate the C-band RF stations in saturation and
adjust the drive power to avoid the multipacting
region.

O Phases of multiple Klystrons in the same Linac
section are adjusted to achieve the desired vector-
sum amplitude and phase changes.

25

20

0
0

-7}~ C-band Klystron Multipacting

Multipacting Drive Power (Scanned 02-Oct-2018)
T T T T T T T

S30CB14
S30CB13
530CB12
S30CB11
S30CB10
S30CB09
S30CB08
530CB07
S30CB06
S30CB05
S30CB04
S30CB03
530CB02
S30CBO1
S20CB04
S20CB03
520CB02
520CB01
S10CB09
S10CB08
S10CB07
S10CB06
S510CB05
S10CB04
S10CB03
S10CB02
S10CBO1

50

100 150 200 250 300 350
Klystron drive power [W]
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Beam Stability

26



PAUL SCHERRER INSTITUT

BS Beam Sensitivity to RF Noise

Athos Linac  Athos
C-band (4x) Undulators

. | ‘ ......... »
Switch Yard

BC 1 Linac1 BC 2 Linac2 Linac3
Booster2 C-band (36x) C-band (16x) C-band (52x)

Gun Booster1

1 LaserHeater

Courtesy: . ' ' | ' ' ' and ' bkl Y b LAL LLLVALLL CollimatorAramis.'%
Sven S-band S-band DSe_ 12(:3 ' 7 Deflector Undulators
Reiche C-band
9 Use Cases:
Sensitivity Matrix M Error Source Notation Sensitivity
converts the error LH Bunch Charge (AQ/Q)y  5.733 1) Frq_m measurements
sources to beam jitter:  LH Bunch Phase (deg) Ag,, 68.079 of jitter sources
_ _ [(a0/0),, | LHBunchEnergy  (AE/E)y,  -36.768 predict the beam
(AE/E), ., Ap; | Booster 2 Amplitude (AA/A).,  -100.583 -
( A@yey (AE/E),, | Booster 2 Phase (deg) A, 94.446 parameter Jltter-
ALJL),, (AM/4),.. | X-band Amplitude  (BA/A), 3.774 :
(AE/E),., | %‘/’bs’z: X-band Phase (deg)  Ag, -56.055 2) From requed beam
Apacz |=MI(A/A) | inac 1 Amplitude  (AA/A) 20.083 arameter jitter
(AL/L) A H
BC2 Px i . .-
(/e || (), :”a”i’hasse (de_i? . A";L;h 5 32|'536 determine the jitter
Ay Ag,, Xampie: >sensitivity o e relative ..
(az/L),, | |(aa4) | bunch length deviation (AL/L)sc2 w.r.t. the budgets of the jitter
| Ag.s | error sources Sources.
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=1  Estimation and Measurement of Beam Jitters

«10°3 BC1 Energy

Esti.,, RMS: 1.11e-04
Meas., RMS: 2.66e-04

5000 10000 15000
Pulse ID
BC1 Bunch Length
Esti., RMS: 1.45

Meas., RMS: 2.96

5000 10000 15000
Pulse ID
BC1 (after) Bunch Arrival Time

Esti., RMS: 1846 fs
Meas., RMS: 7.235fs

5000 10000 15000
Pulse ID

(AUL)b,BC2 [%] (AE'{E}b.BQ

AT, gep [fS]

1.5

0.4
0.2

-0.2
0.4
-0.6

-100

.10°3 BC2 Energy

Esti., RMS: 2.01e-04
Meas., RMS: 2.30e-04

0 5000 10000 15000
Pulse ID
BC2 Bunch Length

Esti., RMS: 8.91
Meas., RMS: 11.8

0 5000 10000 15000
Pulse ID
BC2 (after) Bunch Arrival Time

Esti., RMS: 13.09 fs

Pulse ID

g

Beam jitters can be predicted
from RF measurements via
the response matrix and
directly measured with beam
diagnostics.

When collecting data, all
longitudinal feedbacks OFF.

At BC2 Exit:

Measured beam energy jitter:
2.3e-4 RMS (goal: 5e-4)

Measured bunch length jitter:
11.8 % RMS (goal: 5 %)

Measured arrival time jitter
(see next page):
13 fs RMS (goal: 20 fs)

Data collected from SwissFEL at
0 5000 10000 15000 July 13, 2019 13:44-13:54
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@ @ Zero-crossing 1
@ @ Zero-crossing 2

me jitter: 16 fs RMS
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=500 @&
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=
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Estimated actual bunch arrival
time at the end of Linac 3 of
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2500

ZOOOE tb’RMS — 162 _102 ~ 13 fS

=
1500

1000

0
150 100 50 0 -50 -100 -150 -200
time |fs]

29



PAUL SCHERRER INSTITUT

—e

HE

Correlation between bunch length jitter
measured with CDR and jitter sources.

O The correlation strength shows
the potential RF stations that
have large jitter and require
Improvements.

Conclusion from the correlation

on right side:

RF Gun stability need
Improvement;

X-band stability needs
special focus — need to be
Improved even better than
the original stability
specification in CDR,;

Linac 1 C-band phase
stability (mainly due to
BOC multipacting) needs
improvement.

BC2 bunch-length

3000

BC2 CDR
S
8

2000

BC2 CDR

—
(=]
(=]
(=]

-
o
(=]
o

| % corrcoef =0.11 [

7.06 7.08 7.1
Gun amplitude [MV]

| #*  corrcoef =0.16]

20.86 20.88

209 20.92 20.94
X-band amplitude [MV]

| * corrooef=0.15|

259.7 259.8 259.9
L1 CBO3 amplitude [MV]

260

| # corrcoef =0.053 |

209.9 210 210.1
L1 CB07 amplitude [MV]

210.2

Jitter:RF-beam

+

BC2 CDR BC2 CDR BC2 CDR

BC2 CDR

Jitter Correlation

3000 e
+
2000
1000 | %  corrcoef = &26]
89 89.2 894 896 89.8 90
Gun phase [deg]
3000
2000 | e
1000 | # corrcoef=053
694 -69.2 69
X-band phase [deg]
3000 [
2000 [
1000 [
| * oorrcoef=-0,16[
-1315 -131 -1305
L1 CBO03 phase [deg]
3000
2000 1
o
1000 1 | . corrooef=-0.17|

406 40.8 41 412 414 416
L1 CBO7 phase [deg]

Data collected from SwissFEL at July 13, 2019 13:44-13:54 30
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-}~ Summary and Outlook

Summary:

O SwissFEL RF system has reached its nominal working point: 5.8 GeV energy gain @
100 Hz. Linac3 can provide 2 spare RF stations in hot-standby.

O Most RF stations satisfy the stability requirements. Improvements are needed for the
RF Gun, X-band and several Linac 1 C-band stations. The X-band phase jitter is one
of the major sources for the bunch length jitter and a tighter stability requirement
should be applied.

Outlook for Future:

Stability improvement:
= Improve the X-band stability by improving the pre-amplifier and modulator;
= Understand and mitigate the phase jitter synchronous to beam (e.g. Linacl #7);
= Mitigate all the C-band stations with BOC multipacting.
=  Evaluate the drifts in RF reference distribution system and LLRF system.

O Reliability and operability improvement:

= Improve the software (LLRF, modulator, RF station master state machine, beam
base feedback ...) inter-operability and robustness.
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Special Thanks to:

QSwissFEL RF and
LLRF team.

LSwissFEL beam
dynamics experts and
operators.

Thank you for your
attention!
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BS Long-term Phase Drift

Master

. Phase Actuation on S-band #3 and #4 Cscillator
Peak'tO'Peak ~O.6 degS RF Reference Distribution
569.8 N 1 l l
o
s,
2696 Y 1 | x2 |_><'gJ
% L9
3 69.4 .
g 4 ;MMJ
% 692 | 1 sy —= 3 g Bl 2 BC 2
'_:'E ng E *’-?E 5 E Linac 1
69 : ' ' : n RE SR " “f: C band (36x)
Dec 12 Dec 13 Dec 14 Dec 15 Dec 16 Dec 17 - ] M £
2018 = 2
&
. Phase Actuation on Linact C-band #1to#9 O Beam based feedback stabilizes the beam energy
sl Peak-to-Peak: ~3 degC | and compression at BC1 and BC2 by actuating on
g | the RF phases.
[
2705 ) O Phase actuations reflect the drifts in the machine.
2 70t
B o5 | O Possible sources of drifts:
g ol . RF reference distribution system
o
o5 | . Gun laser system
. | | | | = RF detection in LLRF (pickup cable drifts or
Dec 12 Dec 13 Dec 14 Dec 15 Dec 16 Dec 17 RF detector drlftS)

2018

O  The drifts are suppressed by the beam based

Data collected from SwissFEL at Dec. 12-17, 2018 during feedback!

the pilot user experiment.
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b_ﬁ Example: RF Gun Probe Drift

) N I ' PUP10 amplitude
: o PUP30 amplitude
| % 07} -
Z
Phl Pbh3 0.6 ' : * * .
I 0 5 10 15 20 25 30 35
Time [min]
— z -100
S PUP10 phase
§ PUP30 phase
@ -1051 7
- ' Ph2 8 —— F
Qo
a CaVity prObe coupling ratio is e 5 1‘o 1l5 2lo 2‘5 3‘0 3‘5 4lo 4‘5 50
sensitive to temperature due to RF heat Time [min}
load change (e.g. after a interlock trip) e [—— Gun temperature]
= |t takes minutes for the amplitude =%~ WW
of probes to get stable. g af :
. PUP10 (Pbl) an(_j PUPBO(PbB) e 5 1.0 1‘5 2lo 2I5 3‘0 3:5 4lo 4l5 50
change in opposite directions. Time [min]
40 . .
O Consequence: RF feedback based on M =T
the measurement of probe signals 2 |
cannot stabilize the cavity field during E J\/vv—
the transient time. ooy I D (N N NN N N B
0 5 10 15 20 25 30 35 40 45 50

Time [min]
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